Abstract-Fractionation of some or all of the high field strength elements (HFSE) Nb, Ta, Zr, Hf, and Ti relative to other trace elements occurs in igneous rocks from convergent margins and in the average continental crust, and is generally attributed to a process occurring during subduction. The experimental partitioning of an extensive array of trace elements between rutile/melt pairs is presented which enables the effect of rutile during melting in subduction zones to be directly assessed. D Nb and D Ta are in the range 100 -500, D Zr and D Hf are about 5, whereas all other trace elements analyzed have D rutile/melt less than 0.1. Published D patterns for Nb and Ta between rutile and water-rich fluids are similar to those for melt, whereas the values for Zr and Hf are significantly higher. D Nb and D Ta values for clinopyroxene and garnet are much lower than for rutile, and cannot cause the fractionation of HFSE from other elements seen in island arcs. The presence of rutile in the subducted slab residue during dehydration may be essential in the production of the geochemical signatures of arc magmas, whereas that of the continental crust, including higher Zr/Sm, may be produced by melting of eclogite.
INTRODUCTION
The trace element signatures of island arc magmas and the continental crust deviate from those of oceanic basalts, showing that one or more processes in addition to melting of peridotite must contribute to their generation. Island arc magmatic rocks exhibit characteristically low abundances for the high field strength elements Nb, Ta, Zr, Hf, and Ti relative to those of other incompatible elements, resulting in characteristic negative anomalies in normalized incompatible element variation patterns, in particular for Nb and Ta. The mechanism for this is debated, although it almost certainly takes place in or above the subducted slab. Many studies of the origin of the continental crust conclude that it also formed in association with subduction zones because of the overall similarity in composition between andesites and the continental crust (Taylor and McLennan, 1985) . The continental crust also shows negative anomalies for Nb, Ta, and Ti, but it differs from many island arc lavas in having no relative depletion of Zr and Hf (Rudnick and Fountain, 1995) , and may for upper continental crust have positive anomalies relative to Sm. These differences must be accounted for in the genetic mechanisms proposed. Although the growth curves of the continental crust are debated, much of the continental crust appears to have formed in Archean and early Proterozoic times (McLennan and Taylor, 1982; Nelson and DePaolo, 1985) when the processes involved may have been different due to higher geothermal gradients at that time. A better understanding of the underlying mechanisms for the fractionation of HFSE in subduction zones is also important for the assessment of the role of recycled subducted material in oceanic magmatic rocks.
Most authors favor one of two hypotheses for the origin of the HFSE anomalies. In the first, partial melting of either the subducted slab or of the mantle wedge overlying it can cause the anomalies due to the stability of rutile or another titanate mineral which retains the HFSE. It is now established on the grounds of experimental solubility measurements of rutile (Green and Pearson, 1986; Ryerson and Watson, 1987) and also from geochemical studies of island arc volcanics (Woodhead et al., 1993; Thirlwall et al., 1994) , that rutile cannot coexist with basaltic melts arising from partial melting of peridotite in the mantle wedge. It may, however, be present during melting of the subducting oceanic crust (Ringwood, 1990) or of non-peridotitic parts of the mantle wedge (Foley and Wheller, 1990) . The second hypothesis appeals to fluid loss by dehydration reactions in the subducting plate: this is consistent with thermal models for subduction zones which suggest that the melting points of subducted materials are not usually attained at relevant depths (Peacock, 1996; Poli and Schmidt, 1995) . In this scenario, the HFSE anomalies in the volcanic melt compositions are obtained from melting of a mantle wedge which itself is depleted in the HFSE due to preferential enrichment of all other incompatible elements by the slabderived fluid. Recent experimental work contains evidence both for (Keppler, 1996) and against (Brenan et al., 1995; Stalder et al., 1998 ) the existence of HFSE anomalies in fluids without the need for residual titanate minerals. There has been a tendency to associate the necessity of residual titanate minerals with melting processes, although it applies equally to dehydration reactions.
The full understanding and quantification of the development of HFSE anomalies in subduction zone magmatism has been hampered by the lack of partitioning data for large trace element sets between rutile and melt, for which we here present new data. The application of laser ablation microprobe-ICP-MS facilitated the collection of partitioning data for a more comprehensive palette of trace elements than was previously available. These data complement recently acquired data for rutile/fluid pairs (Brenan and Watson, 1991; Brenan et al., 1994; 1995; Ayers et al., 1997; Adam et al., 1997; Stalder et al., 1998; Ayers, 1998) , allowing assessment of the relative importance of melting and dehydration reactions.
EXPERIMENTAL AND ANALYTICAL TECHNIQUES
To produce minerals and melts representative of subduction zone processes, we have conducted melting experiments in the pressure range 1.8 -2.5 GPa on the Lalkaldarno tonalite from Victoria, Australia, previously used in experiments by Jenner et al. (1993) . Experiments were conducted in a single-stage piston-cylinder apparatus at the University of Göttingen using Pt capsules with graphite inner linings, and CaF 2 as the pressure medium. Small amounts of water were added in liquid form. Two experiments were run without oxygen buffers; tests with small amounts of oxygen buffers used as sensors indicate the intrinsic fO 2 imposed by the CaF 2 ϩ BN ϩ C assembly to be very reducing, close to that of iron-wüstite. One experiment was performed with an iron-wüstite buffer (Expt. 69, indicated by IW in Table 1) ; this, however, should be of no consequence for the detected incompatible elements. The iron-wü stite experiment contained two separate inner graphite capsules, one with the sample and the other containing the buffer mixture. To ensure the presence of rutiles large enough to analyze by laser-ICP-MS (LAM), the natural rock powder was doped with additional TiO 2 to a total of 5 wt.%, and fused to a homogeneous glass before its use in the high-pressure partitioning experiments.
In addition to TiO 2 , extra trace elements were added to the starting materials of each experiment as one of two sets of eight elements: Doping mix 1 contained about 2000 ppm each of Y, Ba, La, Nd, Sm, Dy, Er, and Hf; and doping mix 2 about 2000 ppm each of V, Rb, Nb, Eu, Gd, Yb, Lu, and Pb. As can be seen from the abundance data in Table 1 , similar partition coefficients were generally obtained from both doped and undoped experiments (e.g., Nb and Hf in experiments 71 and 42), demonstrating a close approach to equilibrium, and showing Henry's law behavior even for the case of crystals with 2% Nb. Further experimental details and results for trace element partitioning between silicate minerals and melts from these experiments will be given elsewhere; here, we restrict our attention to rutile.
Major elements were analyzed by electron microprobe using standard operating conditions. Trace elements were analyzed by laser ablation microprobe-ICP-MS (LAM) on polished mounts following electron microprobe analysis, from which the TiO 2 analyses were used as internal standards for the LAM analyses. LAM data were collected at the Memorial University of Newfoundland using a frequency-quadrupled Nd:YAG laser ( ϭ 266 nm) coupled to a Fisons PQII ϩ "S" ICP-MS. NIST 610 glass was used for external standardization and laser energy was throttled to 0.001-0.005 mJ/pulse by a manually controlled half-wave plate for the ablation of small rutile crystals. Pulse energy for glass analysis was generally ϳ0.02 mJ. Further details of the technique are given by Jenner et al. (1993) and Longerich et al. (1996) . The operating conditions used enabled analysis of ablation spots as small as 5.5 m, so that trace element partitioning data for numerous trace elements could be collected for three experiments despite the small crystal sizes.
RESULTS AND DISCUSSION

Rutile/melt Partitioning
Partition coefficients for trace elements between rutile and melt from the tonalite experiments are given in overall pattern of partitioning is depicted in Figure 1 , in which the element order follows that for upper mantle melting (Sun and McDonough, 1989 Jenner et al. (1993) observed D Nb /D Ta ϳ0.5 for rutiles in the same tonalite composition. The data are insufficient to delineate any pressure or temperature dependencies, although the higher D Nb of 540 in the low temperature experiment 69 does appear logical as a temperature effect for a strongly compatible element in view of the tighter Onuma curves and higher optimal partition coefficient D 0 at lower temperatures. Maximization of D 0 at low temperatures is a consequence of higher resistance to deformation (higher Young's modulus), as also observed for garnets by Zack et al. (1997) . The apparent negative Eu anomaly (D Eu ϭ 0.0004 compared to the general level of ϳ0.01 in Figure 1 ) is probably real, but due to the reducing environment imposed by the experimental assembly; none of the other trace elements plotted are sensitive to the oxygen fugacity of the experiments.
In summary, the partitioning of "incompatible" trace elements between rutile and tonalitic melt defines three groups; Nb, Ta Ͼ Zr, Hf Ͼ all others, whereby the D values of the groups are separated by 1-2 and 2-3 orders of magnitude, respectively. The level for the third group at D Ru/Lq ϳ0.01 is now established for 16 elements.
Mineral/fluid Partitioning Experiments
Following recent advances in experimental techniques (Ayers et al., 1992; Stalder et al., 1997 ), a number of experimental studies have presented partitioning data for trace elements between minerals and water-rich fluids, several of these supplying rutile/fluid partition coefficients (Ayers and Watson, 1993; Brenan et al., 1994; Ayers et al., 1997; Stalder et al., 1998; Ayers, 1998) . The results for rutile/fluid are generally similar to those for rutile/melt presented here, with D Nb,Ta Ͼ D Zr,Hf Ͼ Ͼ D others , although there appears to be less fractionation between Nb-Ta and Zr-Hf than in the case of rutile/melt partitioning (Fig. 1) .
The ability of rutile to cause HFSE anomalies is illustrated in Figure 2 using data from Stalder et al. (1998) as this is the most complete data set delineating the anomalies. Figure 2 compares partition coefficients from experiments which were equivalent in pressure, temperature, and fluid composition, but differed in the investigated mineral assemblage: one consisted of only clinopyroxene, whereas the other was 90% clinopyroxene and 10% rutile, ensuring a broadly similar SiO 2 -rich major element chemistry of the fluid solute to that in the experiments using silicate minerals. The partitioning data for silicate mineral/fluid without rutile indicates that these are unlikely to cause HFSE anomalies. The indication found by Keppler (1996) that HFSE anomalies may result where fluids are rich in chlorine has not been reproduced in several studies at P-T conditions more 935 Rutile/melt partition coefficients relevant to subduction processes (Ayers and Eggler, 1995; Brenan et al., 1995; Ayers et al., 1997; Adam et al., 1997; Stalder et al., 1998) . The magnitude of the anomalies caused by rutile may be a strong function of temperature: Brenan et al. (1994) report D values of 200 -210 for Nb, Ta (average values) and Zr in H 2 O fluids at 900°C and 2 GPa, whereas D Nb and D Ta are in the range of 50 -70 at 1000°C and both 2 and 5.7 GPa (Brenan et al., 1994; Stalder et al., 1998 ). This appears to be consistent with the highest D Nb in the lowest temperature experiment amongst the rutile/melt pairs in our present study. However, Ayers et al. (1997) and Ayers (1998) note no temperature effect and much higher D Nb of 3000 -3100 for rutile/ fluid in peridotitic systems.
In summary, fluid loss in subduction zones leaving an eclogite residue cannot cause fractionation of the HFSE from other trace elements without the presence of rutile in the residue. The fractionation of HFSE from other elements may be promoted at low temperatures characteristic of melting or dehydration of a subducting slab. A similar overall pattern of trace element partitioning is expected for rutile/fluid and rutile/melt pairs, but with a more pronounced partitioning of Zr and Hf into rutile coexisting with a fluid. The data now available contradict the generalization made by Green (1995) (Brenan et al., 1994; Stalder et al., 1998) .
Implications for Subduction Zone Processes
Subducted oceanic crust should consist principally of eclogite at depths if its melting point is reached in modern subduction zones, whereas melting of amphibolite may be more relevant to the Earth's early history. Experiments have shown eclogite, which may contain minor amounts of quartz and rutile, to produce melts similar in composition to tonalitic and quartz dioritic rocks (Arth and Hanson, 1972; Rapp and Watson, 1995) . Dehydration melting of amphibolite also produces melts with high SiO 2 contents (Ͼ60 wt.%; Rapp et al., 1991; Wolf and Wyllie, 1994) and thus with low TiO 2 saturation levels (Green and Pearson, 1986; Ryerson and Watson, 1987) . Thus, the stability of rutile at the initiation of partial melting is to be expected. The previous subduction history of the oceanic crustal slab should not affect this conclusion. Although dehydration reactions in the subducting slab at lower pressures may result in loss of about 70% of the initial water content according to Poli and Schmidt (1995) , the solubility of TiO 2 in fluids at low temperatures corresponding to these dehydration reactions is extremely limited (Ayers and Watson, Fig. 2 . Comparison of the partitioning pattern for cpx/fluid (filled diamonds) with that for (90% Cpx ϩ 10% Rutile)/fluid at the same P-T conditions of 5 GPa and 1000°C (data from Stalder et al., 1998) . The pattern for pure cpx shows no fractionation of the HFSE from other elements, as for garnet, indicating that loss of fluid from a bimineralic cpx ϩ Gt assemblage cannot fractionate HFSE from other elements. The presence of 10% rutile causes an increase in D (solid/fluid) by 1 to 2 orders of magnitude, so that loss of fluid from a rutile-bearing eclogite could fractionate these HFSE from other incompatible elements. This effect may be similar for much smaller proportions of rutile at lower temperatures, where higher D Nb have been measured.
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S. F. Foley, M. G. Barth, and G. A. Jenner 1993 ) so that essentially no loss of TiO 2 occurs during this process. The large palette of trace elements presented here for rutile/ melt pairs allows improved definition of the fractionated trace element patterns which rutile should cause. Rutile coexisting with a melt exhibits a three-tier pattern of trace elements (Nb, Ta Ͼ Zr, Hf Ͼ others), which should result in strong negative anomalies for Nb and Ta (D Ru/Lq ϳ100 -500), and smaller but noticeable negative anomalies for Zr and Hf since these are still compatible elements in rutile (D Ru/Lq ϳ5; Table 1 ). In many island arc magmas, the Zr and Hf anomalies are less marked relative to those for Ti, and especially those for Nb and Ta (Briqueau et al., 1984) . D Ru/Lq for titanium is another expression for the solubility of TiO 2 in the melt, and should be 80 -90 for SiO 2 -rich melts from subducted crust. Thus, the D HFSE signature of rutile/melt pairs in the tonalitic system is remarkably similar to the signature of many island arc magmas.
According to the experimental studies cited above, dehydration of former ocean crust would exhibit a similar pattern, but with more marked negative anomalies for Zr and Hf in the fluid than in the case of melting. The presence of rutile appears to be essential, as silicate minerals alone do not fractionate HFSE from other trace elements sufficiently to cause HFSE anomalies (Ayers and Eggler, 1995; Brenan et al., 1995; Ayers et al., 1997; Adam et al., 1997; Stalder et al., 1998) . Thus, either fluids or melts in equilibrium with rutile in the subducting slab have the potential to cause the trace element pattern characteristic of island arc basalts. However, thermal gradients in subducting slabs in the modern Earth are mostly not hot enough to allow melting (Peacock, 1996) , so that a role for fluids should be considered more likely.
The finding that Zr and Hf are preferentially accommodated in rutile with respect to melts and fluids under all relevant conditions appears to contradict a role for rutile in the production of the geochemical signature of the continental crust (see Tables 8 and 9 in Rudnick and Fountain, 1995; noting that Figure 12 in this paper is incorrectly plotted). However, our results on the Lalkaldarno tonalite also show that D Zr /D Sm for cpx/melt are much lower (0.20) than previously measured in experiments on basaltic systems (average 0.45), so that positive Zr/Sm in the melt may occur because of the high modal abundance of cpx outweighing the opposite effect of rutile during melting of rutile-bearing eclogite.
Although the similarity between the rutile partitioning pattern and that of island arc magmas appears too good to be fortuitous, two caveats remain. Firstly, the Nb/Ta ratio of the continental crust of 10 -14 (Rudnick and Fountain, 1995; Plank and Langmiur, 1998 ) is substantially lower than the primitive mantle value of 17 (Sun and McDonough, 1989) . Recent data indicate that values both considerably higher and lower than 17 are found in various types of island arc magmas (Stolz et al., 1996; Eggins et al., 1997) , with lower values being found amongst potassium-poor tholeiites (S. M. Eggins, private communication). The production of low Nb/Ta in the mantle wedge implies high Nb/Ta in the complementary residuum (McDonough, 1991 ), which appears not to apply for either rutile/melt or rutile/fluid pairs. Rutile/fluid fractionation has been suggested as the likely cause of low Nb/Ta in fluids (Green, 1995) , but this has not been confirmed by more recent results. A possible solution to this problem is offered by Linnen and Keppler (1997) , who calculate that rutile/melt D Nb /D Ta should be appreciably greater than 1 in non-alkaline granitic systems. However, there is no experimental confirmation to date that D Nb Ͼ D Ta for rutile/melt pairs in melt compositions relevant to slab melting (Jenner et al., 1993) .
A recently acquired extensive data set of experimental amphibole/melt partitioning and crystal structure refinements shows complex behavior of the HFSE, including conditions in which D Nb Ͼ D Ta (Tiepolo et al., 1999) . This may have the potential to explain HFSE fractionation without titanate phases by the action of amphibole in either the melting slab or in the mantle wedge. More simultaneous analyses of Nb and Ta in various conditions for various minerals will be required before Nb/Ta is adequately accounted for. For example, many ilmenites occurring as megacrysts in kimberlite or in mantle xenoliths appear to have Nb/Ta lower than 17, and as low as 8 -10 (Mitchell et al., 1973; Zack and Brumm, 1998) , whereas ilmenites in mantle rocks with Nb/Ta ϭ 21 are known (Foley et al., 1995) .
The second caveat addresses the assumption that rutile in subducting eclogitic ocean crust is the most likely titanate in the source regions of island arc magmas. Whereas high TiO 2 solubility in basaltic melts eliminates the possibility of titanate minerals as equilibrium phases in mantle peridotite, the possibility remains that they are present in pyroxene-rich veins in the mantle which originate by the influx of melts or fluids and their reaction with peridotite (Foley and Wheller, 1990; Ringwood, 1990) . Titanate minerals may be stable in these circumstances.
